Abstract: Capacitors made of interdigitated electrodes (IDEs) as a transducer platform for the sensing of volatile organic compounds (VOCs) have advantages due to their lower power operation and fabrication using standard micro-fabrication techniques. Integrating a micro-electromechanical system (MEMS), such as a microhotplate with IDE capacitor, further allows study of the temperaturedependent sensing response of VOCs. In this paper, the design, fabrication, and characterization of a low-power MEMS microhotplate with IDE capacitor to study the temperature-dependent sensing response to methanol using Zeolitic imidazolate framework (ZIF-8), a class of metal-organic framework (MOF), is presented. A Titanium nitride (TiN) microhotplate with aluminum IDEs suspended on a silicon nitride membrane is fabricated and characterized. The power consumption of the ZIF-8 MOF-coated device at an operating temperature of 50 • C is 4.5 mW and at 200 • C it is 26 mW. A calibration methodology for the effects of temperature of the isolation layer between the microhotplate electrodes and the capacitor IDEs is developed. The device coated with ZIF-8 MOF shows a response to methanol in the concentration range of 500 ppm to 7000 ppm. The detection limit of the sensor for methanol vapor at 20 • C is 100 ppm. In situ study of sensing properties of ZIF-8 MOF to methanol in the temperature range from 20 • C to 50 • C using the integrated microhotplate and IDE capacitor is presented. The kinetics of temperature-dependent adsorption and desorption of methanol by ZIF-8 MOF are fitted with double-exponential models. With the increase in temperature from 20 • C to 50 • C, the response time for sensing of methanol vapor concentration of 5000 ppm decreases by 28%, whereas the recovery time decreases by 70%.
Introduction
Methanol is an organic solvent found in dyes, paints, perfumes and automotive fuel. Methanol is a colorless liquid, with a mild odor and flammable volatile organic compound (VOC). The threshold The device was used for temperature-dependent capacitance and dielectric measurements. However, materials placed within parallel plate electrodes do not allow reliable measurements of changes in capacitance with exposure to air and various gaseous analytes. Interdigitated electrode capacitor with polysilicon heaters were used for the analysis of recovery and thermal reset of polyimide sensing film during humidity measurements [17, 18] . A chemi-capacitive sensor with integrated molybdenum heater has been used for the study as CO 2 sensor [19] . The power consumption of this heater was in the range of 237 mW at 75 • C, which is high for continuous operation of portable battery powered electronic devices [19, 20] . Thus, the development of IDE capacitor transducers with a low-power, integrated microhotplate would be a suitable device for in situ, temperature-dependent gas sensing measurements. In comparison with conductometric MEMS microhotplate platforms, the development of IDE capacitor with integrated microhotplate have challenges since capacitance measurements are sensitive to temperature, frequency, and parasitic capacitances variations. The changes in the isolation layer capacitance due to temperature also influences the overall measured capacitance. Hence, it is essential to consider the calibration factors due to the isolation layer capacitance during temperature-dependent capacitance measurements.
In the present work, a low-power MEMS microhotplate with IDE capacitor coated with thin film ZIF-8 MOF for the detection of methanol is studied. The device design, fabrication and experimental set up is discussed in Sections 2.1-2.5. In Section 3.2, thermal characterization of bare devices and devices coated with ZIF-8 MOF is presented. The temperature-dependent sensing response of ZIF-8 MOF-coated devices towards methanol, and water vapor is presented in Section 3.3. The modeling of temperature-dependent adsorption and desorption kinetic coefficients of methanol in ZIF-8 MOF is discussed in Section 3.4.
Experimental

Device Design
In this paper, a multilayered vertical stacked device structure is developed. The device concept and the cross-sectional view of the device is illustrated in Figure 1a ,c, respectively. A circular microhotplate is fabricated on a thin dielectric membrane and forms the first metal layer. The IDE capacitor is fabricated above the circular microhotplate with an isolation layer between the two metal layers. The synthesized ZIF-8 MOF is deposited on the device by drop-casting as illustrated in Figure 1a . The capacitances obtained due to the thin film coating of ZIF-8 MOF on the device are, the isolation layer capacitance (C SiNx ) and the capacitance of ZIF-8 MOF layer (C ZIF−8 ) (Figure 1d ). The isolation layer is used to electrically insulate the two metal layers. However, the dielectric property of the isolation layer depends on both temperature and frequency of capacitance measurement. Thus, it is important to investigate the effects of the isolation layer capacitance (C SiNx ) at different temperatures on the total measured capacitance of the bare device. This would serve as a capacitance calibration factor during temperature-dependent capacitance measurements of ZIF-8 MOF-coated devices. In addition to the calibration factor, a good shielding mechanism needs to be designed close to the IDEs to negate the parasitic effects of the substrate capacitance, interconnects, and bond pads capacitance. One possible approach followed in this study is by using the underlying microhotplate electrodes as a shielding electrode during capacitance measurement [21] .
A microhotplate fabricated on a thin dielectric membrane with a temperature range up to 250 • C is desirable since the organic linker imidazole present in ZIF-8 MOF has a thermal stability up to 257 • C [22] . The key parameters considered in the design and fabrication of microhotplate are mainly temperature uniformity, power consumption and mechanical stability of the device [23] . Low-pressure chemical vapor deposited (LPCVD) silicon nitride (SiN x ) exhibits tensile stress preventing buckling of the membrane at higher temperatures, thus making it a suitable choice as a membrane material in comparison to compressive stress exhibited by silicon dioxide [24] . The temperature uniformity of the device is greatly improved by efficient design of the microhotplate geometry. Many studies have investigated temperature uniformity of various microhotplate geometry that includes meander, spiral, double spiral, drive wheel, and honeycomb [23] . However, design guidelines for improving the temperature uniformity has been mainly investigated by variation of the ratio of the widths of the metal lines of a circular microhotplate [25] . By modifying this design guideline to enable four-probe IV measurements, a circular microhotplate is designed. In comparison with metals such as platinum and molybdenum as heating metal, titanium nitride (TiN) is a CMOS compatible material and capability of dry etching of TiN electrodes allows a simpler fabrication processing steps. The resistivity of TiN shows a linear dependence on temperature in the range up to 600 • C [26] . Plasma enhanced chemical vapor deposited (PECVD) silicon dioxide and silicon nitride are considered for the isolation layer material. Silicon dioxide has compressive stress whereas silicon nitride used as membrane material exhibits tensile stress. To reduce the stress mismatch between the membrane and isolation layer, PECVD silicon nitride is used as the isolation layer material. The design parameters used for the fabrication of the device are described in Table 1 . Membranes with smaller diameter allow a reduction in power consumption but also decrease the area and the number of IDEs for capacitance measurement. To increase the measured base capacitance of the device with less influence from parasitic capacitances, a larger area for the circular IDE is required. Along with these considerations, the geometry parameters that determine the capacitance of circular IDEs are the width of the electrodes (W), the gap between the electrodes (G) and the number of electrode pairs (N) [28] . The device dimensions were thus optimized to enable lower power consumption of the device and larger area for the capacitor electrodes. A circular LPCVD (SiN x ) membrane with a diameter of 1mm and thickness of 500nm supported by four beams is designed. A circular TiN microhotplate with a thickness of 400nm is deposited and patterned on the (SiN x ) membrane. Within the membrane dimensions, the number of circular IDE capacitor pairs (N) designed is 164. The optimized dimensions for the width of the capacitor IDEs within the process limitations are W = 2 µm and gap between the electrodes G = 1 µm. 
ZIF-8 MOF
Isolation Layer
Device Fabrication
A double-sided polished 300 µm thick 4-inch p-type <100> silicon wafer is used as the starting material (Figure 2a) . A layer of low-stress LPCVD SiN x of thickness 500 nm is deposited both sides of the wafer using a Tempress LPCVD furnace. A 4 µm thick PECVD silicon dioxide (SiO 2 ) is deposited and patterned on the back side of the wafer. This is used as a hard mask during back side deep reactive ion etching (DRIE). A 350 nm thick TiN metal layer with Titanium (Ti) of thickness 50 nm as the adhesion layer is deposited by sputtering on the front side of the wafer. The TiN heater design is etched by a plasma etching process using a Trikon Omega 201 plasma etcher (Figure 2c ). In the next step, an isolation layer of 1 µm of PECVD SiN x is deposited on top of the TiN electrodes ( Figure 2d ). Next, a layer of aluminum (Al 1% Si) with a thickness of 1 µm is sputtered on PECVD SiN x . The electrodes are etched by plasma etching to form the IDEs (Figure 2e ). This isolation layer electrically isolates the TiN heater electrodes and the aluminum (Al) IDE capacitor. Finally, DRIE of silicon is performed on the backside of the wafer to release the suspended membrane (Figure 2f ). 
Synthesis of ZIF-8 MOF
All chemicals were purchased from Sigma Aldrich and used as received. Typically, 734.4 mg (2.469 mmol) of Zn(NO 3 ) 2 ·6H 2 O and 810.6 mg (9.874 mmol) of 2-methylimidazole (Hmim) are each dissolved in 50 mL of methanol (MeOH). The latter clear solution is poured into the former clear solution under stirring with a magnetic bar. Stirring is stopped after combining the component solutions. After 24 h, the solid is separated from the milky colloidal dispersion by centrifugation. Washing with fresh MeOH and centrifugation is repeated three times [29] . The product is dried at room temperature under reduced pressure. The synthesized ZIF-8 MOF is dispersed in ethanol and ultrasonicated to obtain a uniform suspension of 4.5 wt% ZIF-8 MOF in ethanol solution. The prepared solution is drop-casted on the devices using a 1 µL pipette.
Structural Characterization
Scanning Electron Microscopy (SEM) images were acquired at different magnification using JEOL JSM 6010LA (JEOL, Tokyo, Japan) and Philips XL50, (FEI/Thermo Fisher Scientific, Waltham, MA, USA) . SEM images were acquired after sputtering with gold layer for a device coated with ZIF-8 MOF using JEOL JFC-1300 (JEOL, Tokyo, Japan) auto fine coater with current setting at 20 mA for 120 s. X-Ray Diffraction (XRD) of as-synthesized ZIF-8 MOF were recorded using Bruker D8 Advance diffractometer with Co-K radiation (λ = 1.788897 Å). A step size of 0.02 • with a scan speed of 0.2 s per step was used to acquire the diffraction pattern. The measurement of the thickness of the deposited ZIF-8 MOF on the devices was done using Keyance laser profilometer. Optical images were acquired with SENTECH STC-625CC-CM (Carrollton, TX, USA) camera connected to a Cascade microtech probe station.
Experimental Setup and Measurement Procedure
A thermochuck temperature controller, connected to a Cascade Microtech wafer probe station and Agilent 4156C (Keysight Technologies, Santa Rosa, CA, USA) parameter analyzer, was used for the electrical characterization of the TiN microhotplates at different temperatures ( Figure 3a) . In this experiment, the temperature of the chuck increased in eight temperatures steps in the range from 20 • C to 200 • C. A small current of 50 µA was supplied through the TiN microhotplate (to avoid self-heating of the microhotplate), and the voltage drop across the microhotplate was measured using an Agilent 4156C parameter analyzer at each temperature steps. The temperature coefficient of resistance (TCR) of the devices were extracted by this measurement. This calibration data allows monitoring of the average temperature of the devices during device operation.
The steady-state power consumption of the devices before and after deposition of ZIF-8 MOF was measured in vacuum and nitrogen. This was done to understand the thermal performance of the devices under different conditions. The device was wire-bonded and packaged in a 40-pin dual-inline package. The packaged device was sealed in a closed metal chamber with an electrical feed-through and placed in an oven. A schematic of the experimental setup for the measurement of the devices is conceptually illustrated in Figure 3b . A Keithley 2611B/4200-SCS (Tektronix, Berkshire, UK) source measurement unit (SMU) was used for controlling the current flow through the microhotplate. The voltage across the microhotplate was measured, and thereby the resistance and corresponding operating temperature were determined. The chamber was connected to a vacuum pump, enabling a low-pressure control down to 1 mbar. A current sweep from 0.2 mA up to 5 mA was used to characterize the heater performance in vacuum (1 mbar), while a current sweep from 0.2 mA up to 8mA was used for nitrogen (1 bar) environment.
The capacitance measurement of the device is very sensitive to parasitic capacitances due to the connections. Thus, a good shielding between the devices, HP4284A LCR meter (Keysight Technologies, Santa Rosa, CA, USA), and Keithley SMU must be made. The connections to the LCR meter and Keithley use SMA connectors which were shielded to the system ground. The outer conductors of the coaxial cables are shielded to the system ground to avoid measurement errors due to interference. The TiN microhotplate device below the IDE capacitor provides a shielding mechanism during measurement of the capacitance. The DC ground of the microhotplate was coupled to the ground shielding of the LCR meter for shielding the IDE capacitor ( Figure 3b ). The capacitance characterization of the bare device was done in vacuum at different operating temperatures using the microhotplate. The current flow through the microhotplate was controlled using the Keithley 2611B/4200-SCS for operating the microhotplate at the desired temperature. The capacitance was simultaneously measured using an HP4284A LCR meter at a constant frequency of 10 kHz and oscillation voltage of 1 V. Sensing experiments of the packaged ZIF-8 MOF-coated device with vapors of methanol and water was done in a chamber as described in Figure 3b . Before the measurements, dry nitrogen was introduced until a stable baseline was obtained. The vapors of water and methanol were generated through a series of two bubblers to attain a saturated stream of the analyte as described in our previous works [14] . The vapors were then diluted with a parallel stream of dry nitrogen and passed over the packaged device in the chamber at a constant flow rate of 200 mL/min. The corresponding changes in the capacitance for exposure to different concentration was measured with the HP4284A LCR meter at a frequency of 10 kHz and oscillation voltage of 1 V. Using the integrated microhotplate enabling in situ heating, the temperature-dependent sensing response of ZIF-8 MOF was obtained for methanol and water vapor.
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Results and Discussion
Device and Material Characterization
The synthesized MOF was examined for morphology and crystallinity by SEM and XRD. The rhombic dodecahedral crystals and the diffraction pattern of the obtained MOF showed similarity with ZIF-8 as indicated by the theoretically simulated pattern of ZIF-8 (Supplementary Information, Figure S1a ,b), and as reported by literature [30, 31] . It clearly demonstrated that the synthesis of ZIF-8 was successful, and was then further used for deposition over the active area of the devices.
The device with a dimension of 10 mm × 2.5 mm with the active area at the top and contact pads at the bottom is shown in Figure 4a . The bare device with patterned circular aluminum IDEs with a width (W) of 2 µm and gap (G) of 1 µm above the TiN microhotplate (darker electrodes) is shown in Figure 4c . The as-synthesized ZIF-8 MOF is deposited on the device area. Figure 4d ,e shows that the IDEs is completely covered with ZIF-8 MOF. The thickness of ZIF-8 drop-casted on the devices was measured along the diagonal profile of the device as shown in Supplementary Information, Figure S2 . The thickness obtained was larger than 3 µm and the average thickness is 20 µm. It is seen that due to drying effects, there is slightly less coating at the center of the device. In the current design of the IDE capacitor, the width (W) = 2 µm and gap (G) = 1 µm, so the spatial wavelength (λ) = 6 µm. The thickness of the affinity layer should be greater than half the spatial wavelength (>0.5 * λ) [32] . The obtained thickness of the coating was about 6-10 times the half spatial wavelength (0.5 * λ), verifying that the thickness of the affinity layer is large enough to completely enclose the electrical field lines. In such case, no performance change in the equilibrium/static response will be observed [14, 32] . The response will only be affected with respect to diffusion of molecules to sensitive region of the device. However, the density of the film might change with thickness, because drop-casting does not control the density/void spaces of the deposited layer. The stability of density/void spaces of the deposited film on the device was further verified by characterizing the sensor to the analyte for several days. 
Thermal Characterization
In this section, the TCR of the fabricated TiN microhotplate device is extracted. The steady-state power consumption of the bare device and the device coated with ZIF-8 MOF in nitrogen and vacuum is measured and compared. Next, thermal modeling using Finite Element Method (FEM) is done to analyze the temperature distribution across the ZIF-8 coated device.
The measured resistance of the TiN microhotplate as a function of temperature for five devices is shown in Figure 5a . The average resistance at 20 • C is 500 Ω. The TCR (α) of the heater is extracted by the below equation,
where R 0 is the resistance at room temperature and R(T) is the resistance at temperature T. From the Figure 5a , it is seen that due to process variation, there is a slight difference in the values of R 0 of the samples. However, the slope, and thus the TCR, of the microhotplate is nearly constant. The average TCR of five devices is 0.000717/ • C. The thermal characterization of bare device in vacuum and nitrogen, and heat losses in the device is analyzed in Section 3.1, Supporting Information. The steady-state power consumption of the device coated with ZIF-8 MOF and the bare device is shown in Figure 5b . The input power required to attain an operating temperature of 200 • C with ZIF-8 coated device is 26 mW in comparison to the bare device which is 25.8 mW (Supporting Information, Figure S3 ). The small increase in input power for ZIF-8 MOF-coated device could be due to the extra MOF coated on the suspension, which decreases the thermal resistance slightly for heat loss due to conduction. The achieved power consumption for the device coated with ZIF-8 MOF at 200 • C is much lower than the reported IDE capacitor transducer with integrated microhotplate as shown in Table 2 .
To further analyze the temperature uniformity across the device, a FEM model of the device with joule heating module is developed in Section 3. Figure 5d . The observed difference between power consumption versus temperature of simulated and measured results at a temperature of 200 • C is found to be 7% in vacuum, and in nitrogen it is 11%. This shows that the FEM thermal modeling follows closely to expected measurement results. The observed difference can be attributed to the deviations in the reference thermal conductivity values of the materials and non-ideal extraction of the convection coefficient [33] . With the capability of in situ heating, thermal stability tests of ZIF-8 MOF were done at various temperatures to observe the physical changes in ZIF-8 MOF. The surface morphology of ZIF-8 MOF at 50 • C and 100 • C is shown in Supplementary Information, Figure S5b ,c respectively. The degradation of ZIF-8 MOF film is not observed optically at these low temperatures. The changes in the morphology and distribution of the ZIF-8 thin film is clearly visible on heating from 20 • C to 300 • C as shown in Supplementary Information, Figure S5d . This shows the thermal limitation of ZIF-8 MOF which coincides with the reported TGA experiments [36] .
Sensing Measurements
The impedance characterization of both the bare device and ZIF-8 coated device was done in the frequency range from 1 kHz to 100 khz. It is seen that the deposition of ZIF-8 MOF on the devices causes a decrease in the overall impedance measured and increase in the capacitance as shown in Figure 6a ,b. The values of theta of the devices lie within a small range around −90 • for frequencies of 1 kz-100 Khz (Figure 6a ), indicating the capacitive nature of the devices. In more detail, this indicates that the addition of ZIF-8 thin film MOF on top of the IDE still shows capacitive behavior similar to previous studies of ZIF-8 MOF grown on top of silicon substrate [9] . A stable capacitance response is seen in the frequency range from 1 kHz to 100 kHz (Figure 6b ). The device coated with ZIF-8 MOF was exposed to increasing concentration of methanol from 500 ppm to 7000 ppm in dry nitrogen. The resulting changes in capacitance was measured at an oscillation voltage of 1V and a frequency of 10 kHz. Methanol, with a kinetic diameter of 3.4 Å, and a dielectric constant of ( r = 32) can enter and condense within the flexible porous structure of ZIF-8 MOF with a pore diameter of 3.8 Å [9] . The adsorption of methanol in ZIF-8 MOF increases the effective dielectric constant resulting in the increase in the measured capacitance. The observed changes in the measured capacitance are in low fF ranges (60 fF). A baseline drift was observed during the sensing study (Section 5, Supporting Information, Figure S6a ). The baseline drift was calibrated, and the resulting change in capacitance (∆C) for increasing concentration of methanol is shown in Figure 7a . The capacitance of the device (∆C) changes from 9-60 fF for methanol concentration in the range from 500-7000 ppm (Figure 7b ). The changes in the measured capacitance (∆C) in ZIF-8 MOF for increasing methanol concentration is fitted with Langmuir adsorption isotherm model given by [14] ,
where C s is the saturation value of the capacitance, K e is the affinity constant and C m is the concentration of methanol. The obtained values for K e and C s are 101 bar −1 and 131.7 fF, respectively. The saturation value of the capacitance (C s ) is obtained at much higher methanol concentration indicating a higher capability of adsorption of methanol in the porous framework of ZIF-8 MOF [12] . The calculation of the minimum detection of the capacitance using the current system is done by considering the baseline variation of capacitance in nitrogen as shown in Figure S7 , Supporting Information. The standard deviation σ is 0.3 fF. Considering 3σ value, the minimum detectable capacitance change on exposure to methanol for this device is about 1 fF. The detection limit of the sensor for methanol with a capacitance change of 1 fF is 100 ppm. The obtained sensing performance can be further improved by 1000 fold using sensitive capacitive read-out system with lock-in principle for aF-level capacitance detection [37] . However, development of sensitive capacitance read-out system was not the focus of our study. A comparison of various methanol sensors in literature over a wide concentration range with sensing materials such as metal-oxide/metal-oxide composites, MOFs and Epoxy acrylate polymer film is shown in Table 3 . In metal-oxide/metal-oxide composite sensing materials, methanol vapor mainly reacts with the chemisorbed oxygen on the surface of the film at high temperature (150 • C-350 • C), thus requiring higher power during sensor operation. However, sensing materials such as CuBTC-MOF, NH 2 -MIL-53(Al) MOF in Matrimid polymer and Epoxy acrylate film show methanol sensing responses at near room temperature. In terms of operating temperature, concentration range and detection limit the performance our devices coated with ZIF-8 MOF is comparable with the best result presented in Table 3 (first entry, reference [38] ). Interestingly, also this study makes use of a MOF, but the sensor design is different: while we make use of an IDE platform onto which a MOF coating is prepared, Homayoonnia and Zeinali prepare the second electrode on top of the MOF coating to obtain a sandwich structure. Moreover, IDE capacitor transducers also allow simpler integration of MOFs on the devices and package development of the sensors. In conclusion, Table 3 shows the potential of MOFs in the further development of miniaturized low-power sensors. The reversibility behavior of methanol at a concentration of 5000 ppm after baseline drift correction (Supporting Information, Figure S8a ,b) is shown in Figure 7c . It can be seen that methanol adsorbed by ZIF-8 is completely reversible in dry nitrogen. Next, a comparative study for increasing concentration of methanol, ethanol and water vapor from 500 ppm to 7000 ppm is performed. The obtained capacitance response (∆C) is corrected with the dielectric constant (∆C/ r ) for water ( r = 78), methanol ( r = 32) and ethanol ( r = 24.2) as shown in Figure 7d . The response to ethanol is found to be less than methanol. This is due both to concentration being taken up in the ZIF-8 film, and to the contribution to the change of dielectric constant. Ethanol, with a lower dielectric constant than methanol, thus contributes to lower signal strength. The measured response (∆C/ r ) to water vapor is found to be higher than the response towards methanol in the concentration range from 500 ppm to 7000 ppm. Water molecules with a higher dielectric constant ( r = 78) and kinetic diameter of 2.8 Å, can enter and condense in the porous framework of ZIF-8 MOF [9] , resulting in higher changes in the measured capacitance. 
Temperature-Dependent Adsorption and Desorption Kinetics
The device coated with ZIF-8 MOF was operated at a constant temperature by the TiN microhotplate at 20 • C, 30 • C, 40 • C and 50 • C. The resulting change in capacitance (∆C) for a constant concentration of 5000 ppm of methanol and water vapor was measured.
The data analysis procedure for the measured response is described in Figure 8a and the below equation,
The measured capacitance response (C measured (t)) is first calibrated with temperature-dependent isolation layer. The calibration curve obtained for ∆C SiN x versus temperature is explained in detail in Section 6, Supplementary Information. Next, a baseline drift calibration C baseline (t) is done for both methanol (Section 7, Supplementary Information, Figure S18a -i) and water vapor (Section 7, Supplementary Information, Figure S19a-i) . The final response ∆C(t) for different operating temperatures from 20 • C to 50 • C for methanol and water vapor is shown in Figure 8b ,c, respectively. The change in capacitance (∆C) for both methanol (Figure 8b ) and water vapor ( Figure 8c ) decreases with the increase in temperature. At a temperature of 20 • C the saturation value of the change in capacitance ∆C is 45fF, whereas at 50 • C the saturation value of ∆C decreases to 18 fF. In the case of water vapor, a similar decrease in the saturation value of capacitance is observed at increased temperatures. The saturation value of ∆C obtained at 20 • C is 300 fF and it reduces to 100 fF at 50 • C. These results indicate that the amount of analyte adsorbed by ZIF-8 MOF decreases with increasing temperatures. The adsorption process is further studied by determining the enthalpy of adsorption. An Arrhenius plot of the change in capacitance versus temperature is shown in Figure 8d . This behavior is described by the following equation [14] ,
where C max represents the equilibrium capacitance, (∆H) is the difference in the activation energy of the adsorption and desorption process. The calculated values of enthalpy of adsorption (∆H) is −23 kJ/mol for methanol and for water vapor it is −30 kJ/mol. The negative value obtained for ∆H indicates the exothermic nature of the adsorption process. The slightly higher enthalpy of adsorption for water vapor observed at low water uptake is due to the structural defects present in the ZIF-8 MOF that increases the interaction energy with water vapor molecules [44] . The sensing measurements were performed for several weeks for testing the long-term stability of ZIF-8 MOF. The response to 5000 ppm of methanol at 20 • C in a three-week period is shown in Figure S20 , Supporting Information.
The observed changes in ∆C is less than 3 fF. The measured response to methanol concentration of 5000 ppm at different temperature done once every week for three weeks, (Supporting Information, Figure S21 ) show good stability of the ZIF-8 MOF with temperature up to 50 • C. These measurements also indicate that the density of the deposited film by drop-casting process on the device does not change over a period of time.
Based on the capacitance response and recovery curves at different temperatures, the timedependent adsorption and desorption kinetics can be derived. The measured capacitance at 20 • C and 50 • C normalized to the equilibrium capacitance ((∆C)/C max ) for adsorption and desorption of methanol is given in Figure 9a ,b, respectively. The Langmuir adsorption and desorption kinetics of gases in MOFs and porous materials are described using Double-Exponential Models (DEP) in various studies [45] [46] [47] . In this model, adsorption is based on a two-stage process due to the energetic barriers during diffusion of vapor molecules in MOFs. The first energetic barrier is due to the diffusion through the windows of the porous framework and the second barrier is diffusion along the pore cavities. With increasing temperature, the rate of adsorption of methanol to attain equilibrium capacitance increases (Figure 9a ). The DEP curve fitting model is given by the following equation
where M t represents the mass uptake at time t, M s is the mass uptake at equilibrium, k 1 and k 2 represents the kinetic rate constants and A 1a and A 2a are the relative contribution of the two energetic barriers during the adsorption process.
In Figure 9b , a higher rate of desorption of methanol is observed at higher temperatures. The desorption process can also be modeled as a two-stage process with a fast exponential decay in the first stage followed by slow decay in the second stage. The modeling equation is given by
where M d represents the mass desorbed at time t, M o is the initial mass adsorbed at equilibrium, k 3 and k 4 are the kinetic desorption rate constants and A 1d and A 2d are the relative contribution of the rate constants during the desorption process. In ZIF-8 MOF, the capacitive sensing response towards methanol follows Langmuir adsorption isotherm behavior as described in Section 3.4. Thus, the time-dependent adsorption and desorption process described in Equations (5) and (6) can be further related to the time-dependent capacitance changes during sensing and recovery measurement. The capacitance response kinetics for the adsorption (Equation (7)) and desorption process (Equation (8)) are described below:
The regression coefficients for the curve fitting of DEP models for sensing and recovery curves at different temperatures are R 2 > 99% (Section 9, Supplementary Information). The time-dependent adsorption and desorption kinetic parameters for different temperatures are tabulated in Table 4 . Based on the sensing and recovery curves, the response time and recovery time is calculated for different temperatures. The response time (t + ) is defined as the time taken to reach 90% of the equilibrium capacitance value (C max ) and the recovery time (t − ) is defined as the time taken to reach 10% of the equilibrium capacitance value. The values for the response time and recovery time for different temperatures is given in Table 4 . It can be seen that during the adsorption process the obtained kinetic rate constants k 1 is greater k 2 . Upon increasing temperatures, the rate constant k 1 decreases whereas k 2 slightly increases. The overall response time decreases with the increase in temperatures. At a temperature of 20 • C the response time is 207 s, whereas at 50 • C the response time decreases to 147 s. During the desorption process, it is seen that the kinetic parameter k 3 shows a decrease with increasing temperatures whereas k 4 increases with temperature. The recovery time decreased at higher temperatures, at 20 • C the recovery time is 981 s, at 50 • C the recovery time obtained is 298 s. With the increase in temperature, changes in the pore structure of the ZIF-8 MOF can occur influencing the diffusivity of gases within the porous structure of ZIF-8 MOF [48] . These structural changes could lead to the observed overall decrease in both response and recovery time as the temperature increases. Next, a comparison between the time-dependent methanol and water vapor adsorption and desorption at 20 • C for a constant concentration of 5000 ppm of the analyte is shown in Figure 10 . It can be seen that methanol has a higher rate of adsorption and desorption in ZIF 
Conclusions
In this paper, we report a successful demonstration of ZIF-8 MOF capacitive sensor with integrated TiN microhotplate. The sensor shows changes in capacitance on exposure to methanol from 500 ppm-7000 ppm, with a capability for the detection of 100 ppm of methanol vapor at a temperature of 20 • C. Cross-sensitivity study with exposure to water vapor in the concentration from 500 ppm-7000 ppm shows that water vapor has a higher capacitance response. However, at a temperature of 20 • C it is seen that the adsorption of methanol is faster than water vapor for a constant concentration of 5000 ppm. The changes in the morphology of ZIF-8 MOF was investigated by in situ heating from 20 • C to 300 • C using the TiN microhotplate. A systematic experiment methodology was followed in this paper with careful consideration of the capacitance changes with temperature due to the PECVD silicon nitride isolation layer on the overall measured capacitance. The change in the capacitance of the bare device was found to be linear with temperature, and it is used as a calibration factor during sensing study with temperature. In situ heating using integrated microhotplate enabled the study of the kinetics of adsorption and desorption of methanol with temperatures from 20 • C to 50 • C . The temperature-dependent kinetic rate constants for both adsorption and desorption of methanol were derived. With increasing temperature from 20 • C to 50 • C, the response time decreased from 207 s to 147 s. A similar decrease in the recovery time was obtained from 981 s to 298 s at 20 • C and 50 • C, respectively. The ability for fast temperature cycle times using the microhotplate allows for the determination of the optimized temperature and reset time of the ZIF-8 MOF-coated devices during capacitive vapor sensing measurements. An array of such developed devices also allows the possible solution to combine different types of MOFs as affinity layers with different selectivity. This is an essential step towards a multi-sensing platform. Table S1 : Summary of material parameters for FEM analysis, Table S2 : Summary of design parameters for FEM analysis, Table S3 : Table of kinetic parameters and regression co-efficient for adsorption curves, Table S4 : Table of 
